The topological evolution of the cleavage surface of a gypsum single crystal during its dissolution in a flowing undersaturated aqueous solution has been observed with an Atomic Force Microscope. The matter transfer from solid to liquid proceeds through the migration of atomic steps. The step velocity has been measured and appears to depend on the force applied by the tip on the surface. Whereas the high force velocity enhancement is likely to stem from corrosive wear, the speed behavior at low force (< 10 nN) differs drastically and can be interpreted as a consequence of the pressure solution of the crystal induced by the tip force. The step velocity evolution with the force obeys the known kinetic law of pressure solution. Hence these experiments enable to evidence a first atomic mechanism at the origin of pressure solution.
The topological evolution of the cleavage surface of a gypsum single crystal during its dissolution in a flowing undersaturated aqueous solution has been observed with an Atomic Force Microscope. The matter transfer from solid to liquid proceeds through the migration of atomic steps. The step velocity has been measured and appears to depend on the force applied by the tip on the surface. Whereas the high force velocity enhancement is likely to stem from corrosive wear, the speed behavior at low force (< 10 nN) differs drastically and can be interpreted as a consequence of the pressure solution of the crystal induced by the tip force. The step velocity evolution with the force obeys the known kinetic law of pressure solution. Hence these experiments enable to evidence a first atomic mechanism at the origin of pressure solution. If water is present between two solids pressed together, the stress at the contact induces local dissolution, diffusion of the dissolved species out of the interface and precipitation on less stressed surfaces. The driving force is the stress-induced chemical potential gradient in the solid. This dissolution-diffusion-precipitation sequence, known as "pressure solution", may cause creep of the contact, or lead to the sticking of the solids. The first phenomenon is known to play a leading role in the Earth upper crust, during tectonic deformation or during the consolidation of active faults gouges following earthquakes [1] , and to be responsible for the wet creep of minerals [2] . The second phenomenon contributes largely to the diagenesis of sedimentary rocks (transition from loose sediments to cohesive solids) [1] . Despite its importance, the understanding of pressure solution is far from complete. For instance, the nature of the solid contact during pressure solution has become clearer, with slowly growing solid-solid interfaces containing nanometric water films, separated by micrometric channels [3] [4] [5] [6] . But large morphologic changes of the free surfaces of stressed crystals in saturated solution have been pointed out, which suggests a strong interplay between dissolution in the confined fluid film and at the free surfaces [7] .
Besides, much progress has been made during the last decade in our understanding of the molecular mechanisms taking place at the solid-liquid interface during normal dissolution. The existence of a surface-normal retreat [8] , the role of etch pits as step train source [9] , the influence of the surface history [10] , etc. have been evidenced. These advances have been made possible by the use of techniques resolving nanometric objects, like Atomic Force Microscopy (AFM) or Vertical Scanning Interferometry (VSI). The molecular kinetics during pressure solution has not been investigated with such tools yet, although the knowledge of its basic mechanisms is necessary to achieve a comprehensive understanding of the phenomenon.
In this Letter, using an AFM tip successively to apply a stress to a dissolving mineral surface and to probe its dynamics, we measure the kinetics of a molecular mechanism of pressure solution, namely the motion of atomic steps. Thereby we demonstrate that it obeys the expected thermodynamic law of pressure solution, hence making a link between the molecular process and the resultant macroscopic phenomenon.
To be able to isolate the role of pressure on dissolution from other influences, we need a mineral with (i) dissolution rates measurable in laboratory times, (ii) a chemical reaction as simple as possible, to focus on the topological aspect of dissolution, and (iii) dissolution proceeding through a well-defined mechanism. Gypsum (CaSO 4 , 2 H 2 O) fulfills these three criterions, because it dissolves in accessible times [11] , its reaction depends little on pH and P CO2 [12] , and the matter detachment is partly achieved by the migration of well-known atomic steps [13] . Gypsum has been one of the first materials imaged with AFM [14] . Its lattice is monoclinic with layers of SO 2− 4 tetrahedra bound to Ca 2+ cations, alternating with water layers. This structure displays a perfect (010) cleavage plane in the middle of the water layers. All the investigated surfaces come from freshly cleaved samples of a transparent natural gypsum single crystal. The calcium sulfate aqueous solutions where the samples dissolve were obtained in dissolving calcium sulfate powder in ultrapure water until saturation, and diluting the solution to the desired concentration. The saturation index Ω is computed as (c/c sat )
2 , c being the concentration of Ca
2+
and SO
2−
4 and c sat the solubility of gypsum in water. In the AFM, a sharp Si 3 N 4 tip is attached near the free end of a cantilever. When brought in close proximity with a surface, forces arise between the tip and the sample, detected by the deflection of the cantilever. We have used the microscope in contact mode, where a feedback loop continuously changes the vertical position of the tip to keep the surface-tip repulsion force constant, which provides a relief recording of the surface (cf. Fig. 1a ). The measurements have been carried out in a fluid cell, where an aqueous solution undersaturated in gypsum is injected continuously by a pump. The flow enables to keep the resultant concentration field above the surface constant during the experiment. The flow rate of 0.3 mL/min has been chosen as the highest one provoking no disturbance of the AFM signal.
For the atomic step speed measurement, the scan angle is first changed in order to bring the investigated step parallel to the y axis. The scan of this axis is disabled, and the tip moves then back and forth along one segment of the x axis, with a 1 Hz frequency. The resultant image is a time-position representation of the step (cf. Fig.  1b ). The step velocity is subsequently computed from the angle between the trace left by the step motion and the y axis [13] . This spatiotemporal representation provides a much better accuracy than the mere comparison of the step position between two subsequent topographic images. It has been noticed that the step speed tends to decay when the step density increases. The dissolution kinetics stems from a combination of the kinetics of the ion detachment from the surface, of the diffusion of the solute from the surface to the bulk and of the local convective motions induced by the tip motion in the solution [15] . The presence of numerous moving steps in a region may induce a local increase of the concentration, before the evacuation of the solute by diffusion and convection, so a fall of the driving force of the reaction and a slowing down of the step motion. Accordingly, all step velocities have been measured in regions with a low step density, preferentially for isolated steps.
Whereas no evolution is observable in air, the surface cleans up and curved steps defining irregular regions disappear during the minutes following the introduction of the sample in the fluid cell. This first stage leads to a ge- ometrical topography constituted of shallow etch pits (cf. Fig. 1a ). All of them are parallelograms, with an obtuse angle of about 118
• , corresponding to the angle between the a and c axes of the monoclinic lattice of gypsum [14] . The crystallographic directions forming the boundary of the etch pits have been rigorously identified as being always [100] and [001] [13] . These etch pits broaden by translation of their enclosing steps. This enlargement leads invariably to an elongated shape of the pits, due to the anisotropy of the steps velocity. The by the tip during the measurement, for which no information is given in the mentioned works. To estimate this effect, the setpoint value of the repulsive force between the tip and the surface has been changed in the middle of the spatiotemporal acquisition of a step motion. As can be seen in Fig. 1b , this action induces an immediate change of the (t, x) slope, corresponding to a sudden change of the step velocity. Accordingly we have carried out systematic velocity measurements in the [001] direction for varying forces applied by the AFM tip on the surface and various saturation indices. Fig. 3 shows that for each saturation state, the force increase always results in a velocity rise, with a decaying slope.
Wear studies have already reported mechanically enhanced dissolution in calcite [18, 19] . In experiments similar to ours where the AFM tip moves back and forth along a segment crossing an atomic step at the cleavage surface of a calcite single crystal, a growing wear track is observed. The wear is attributed to the promotion, by the tip-induced strain, of kink sites creation at the point where the tip crosses the step, and its growth rate is exponential [19] . To establish if we face the same wear phenomenon, velocity measurements at higher forces have been carried out. Two new features are encountered. Firstly, whereas the [001] steps were always observed to remain straight during migration, for applied forces above about 10 nN, the tip route-atomic step intersection becomes a parallelogram corner, and the step migrates parallel to the [001] line on one side of the tip and parallel to the [100] line on the other (cf. Fig. 4) . Secondly, in this force range, the evolution of the velocity of the step with the applied force exhibits a behavior distinctly at variance with the one at low force, with a slightly growing slope, as shown in Fig. 4 . Therefore a threshold exists between two dissolution enhancement regimes. The high force behavior can be ascribed to an atomic wear phenomenon, in which the absence of wear track, present in the case of calcite, could derive from a more unstable nature of the kink sites in the gypsum steps. Below this stage, another process takes place with much smaller step velocities. We attribute this low force regime to the pressure solution of the mineral under the influence of the tip. During the passage of the tip at the level of the investigated step, the stress state of the solid is modified. To get an estimate of this state, an Hertzian contact has been considered between the tip and the surface. In this framework, the compressive stress is maximum under the tip, where it writes
, with F the applied force, E and ν Young's modulus and Poisson's ratio of gypsum, and r the radius of curvature of the tip. Taking E = 45 GPa, ν = 0.33, r = 40 nm and F = 10 nN, we find P 0 = 1.5 GPa. This value is large enough to be likely to hinder the solvation of the ions, thus impeding the step to move forward. But the applied force also creates a strain field around the tip. The resultant chemical potential of the crystal surrounding the tip can be written µ S = µ 0 + δU e + δU p + δU s , where µ 0 stands for the chemical potential of the unstressed solid, δU e and δU p for the elastic and plastic strain energy of the solid, and δU s for the surface energy [20] . It can be noted that no contribution of the work of the pressure forces is present in this expression, the liquid pressure above the surface outside the contact remaining always the atmospheric pressure and the normal stress in the solid outside the Hertzian contact being zero. Except the step migration, no irreversible strain is observed in the course of the AFM tip, and the investigated surfaces remain always plane, so the plastic and surface energy terms can be neglected. The maximum tensile stress, at the contact periphery, is σ = (1 − 2ν)P 0 /3, and results in a stored molar elastic energy δU e = σ 2V /(2E), withV the molar volume of gypsum. KnowingV = 7.5 × 10 kJ/mol. To catch the influence of this mechanical energy on the liquid-solid equilibrium, one can evaluate the solubility in bulk water of gypsum in this stress state by c σ sat = c sat exp (δU e /(RT )). An increase of about 1% is found, usual in pressure solution studies [20] . Focussing exclusively on step retreat, the Transition State Theory (TST) of dissolution should apply. According to the TST, the advancement rate of the reaction should take the form dξ/dt ∼ [1−exp(N ∆G/(RT ))] where ∆G is the Gibbs free energy of the overall reaction, R the gas constant, T the temperature and N the number of elementary reactions [21] . For gypsum dissolution, N has often been measured equal to one [13] . If the system is exclusively driven out-of-equilibrium by the undersaturation of the aqueous solution, we have ∆G = RT ln Ω. As step migration is at the origin of the matter removal, the step speed v should follow in some extent the TST law and one should simply have v ∼ (1 − Ω). As can be seen in Fig. 2, v and Ω are not simply related by a linear law. So we have included an elastic perturbation in the TST law to get a correct modelization of our experiments. The derivation of the exact TST expression is a nontrivial task, requiring the solution of the non-homogeneous thermodynamical and mechanical local equilibrium. At first order, we can introduce a mechanical contribution in the Gibbs free energy: ∆G = RT ln Ω − ∆U e . The elastic strain term ∆U e derives from the molar elastic energy δU e stored during the tip crossing, so ∆U e ∼ σ 2V /(2E). Thereby the step velocity can be written as
, with α a geometric factor depending on the shape of the elastic strain field around the contact and v lim an asymptotic velocity. A fit of all the experimental values with this law is shown in Fig. 3 , with α and v lim , common to all saturation indices, as only fitting parameters. The experimental and theoretical values are found to agree. Thus considering that the tip influence on the solid lies in an elastic strain contribution to its chemical potential gives the correct scaling of the dissolution enhancement, thereby validating the hypothesis of local pressure solution.
As a summary we have observed with an Atomic Force Microscope that the velocity of the atomic steps on the surface of a dissolving gypsum single crystal depends on the force applied by the tip. For forces greater than 10 nN, the velocity evolution with force is comparable to the tribological enhancement of dissolution observed in calcite. For smaller forces, the step speed evolution with force exhibits a completely different behavior and can be interpreted as the consequence of the pressure solution of the crystal under the influence of the tip. Beside the fact that this observation opens the way to a more quantitative use of AFM for the study of liquid-solid interfaces, it constitutes a first link between the macroscopic description of pressure solution and the atomistic processes underlying its kinetic laws. The relation obtained here should be applicable to all pressure solution phenomena by step retreat, so it should help in particular in evaluating more quantitatively the free-face contribution in pressure solution studies [6] , or to find additives against the wet creep of polycrystalline ceramics [2] .
